Outline of the chapter

Introduction
Determination of Profile Parameter
Experimental Setup
Results and Discussion
Conclusions
CHAPTER-3: Axial Evolution of Radial Heat Flux Profiles Transmitted by Atmospheric Pressure Nitrogen and Argon Arcs
To the best of the authors' knowledge, no systematic study of heat flux is reported in literature for power level more than 15 kW in Nitrogen plasma. The present study on axial evolution of radial heat flux profile transmitted by atmospheric pressure Nitrogen and Argon arcs focuses on plasma torches operating at power level ranging from 6.6 kW to 52 kW in Argon and 32 kW to 51 kW in Nitrogen. Ideal plasma spraying condition requires that all the injected particles get uniformly heated and entrained by the plasma jet, their temperature remains above their melting point but below the boiling point before they reach the substrate. Injected particles usually inherits a distribution in the velocity vectors due to collision with the injector wall and among themselves depending on the particle type, particle size distribution, particle morphology, surface functionality, injector wall morphology and velocity of the carrier gas. For thinner jet diameter, the distribution makes the particles with heavier masses cross the plasma jet while those with smaller masses fail to reach the jet.
Melting of the injected particles depend on their trajectories, residence time and masses. Many of the times the particles are only partially melt due to limited time of passage in the high temperature zone [32] . Such problems of partially melts and unmelts are severe for high melting point ceramic particles like Y 2 O 3, Al 2 O 3 etc.
Residence time of the injected particles inside the plasma depend on the length of the plasma jet and is usually short due to limited spatial extent of the plume. A relatively broad and long plasma jet having high power and axially uniform radial heat flux profile is best suited for spraying application of ceramics. Better control over the process may be achieved through adjustment of the axial location of the job and thereby controlling the dwell time and physical state of the particles inside the plasma.
For a broader plasma jet at higher power, a nozzle exit diameter of 10 mm is chosen instead of shorter diameters used in the earlier studies. Segmented electrode torch configuration is chosen to achieve an easy enhancement of input power. Studies are made with electrical power beyond 40 kW to enable efficient melting. Results with lower power are included to obtain a comparison with the studies available in literature at lower power and understand the shift in behaviour as one move from lower to higher power regime.
In case of Argon plasma, it has been observed that even around 50 kW, the jet length is short as shown in figure 3.1(a) and the peak of the heat flux profile drops by more than 60 % as one moves along the axis by a distance of 20 mm. However, for
Nitrogen plasma a remarkably different scenario is observed. A huge long jet is observed in figure 3 .1 (b). For power level beyond 40 kW, the peak of the heat flux profile drops by less than 50% even after traversing a distance of 100 mm after the nozzle exit. The radial extent of the profile remains constant within 10% up to a distance of 50 mm and the same remains constant within 20% up to a jet length of 150mm. It is obvious that such long uniform jet has huge potential in processing applications. Electromagnetic body force plays significant role in influencing temperature and velocity distribution inside a plasma torch [73] . A current carrying segment produces its own magnetic field which interacts with the passing current itself and exerts a force on the segment in a direction perpendicular to both the current and the magnetic field. The plasma column inside a plasma torch may be considered as composed of such contiguous current carrying elements. In a perfectly cylindrical plasma column, the thermal expansive force (caused by Ohmic Joule heating) accurately balances the radially inward compressive force via JXB pinch effect.
However, in a plasma torch the incoming cold gas gets heated by the arc, forms plasma and comes out as a plasma jet. In the process, it may distort the current carrying segments resulting in an asymmetric distribution of magnetic pressure.
Degree of distortion depends on electrode configuration, operating parameters and the flow conditions. A diverging configuration of the current density vector with respect to the central axis (as happens when an arc tries to connect with the anode) exerts a thrust on the body of the plasma producing high velocity long plasma jet. On the other hand, a converging configuration produced in some manner in some part of the plasma (happens when an expanded jet is forced to enter a thin nozzle), may act as a barrier to the flow leading to a reduced length of the emanating plasma jet. Such effects are well studied in literature and detail mechanisms are illustrated in number works [74, 75] To account for limitation of the present study it may be pointed out that the plasma jets are inherently unstable [36, 76] . Double calorimetric technique used in this study to determine the heat flux profiles ignores this non-stationary feature of the jets and the presented results are only average values of the time-integrated measurements.
However, enough care has been taken to ensure steady state before taking data for any revised set of parameter values. Although actual profile may be little different depending on operating conditions, approximate nature of the heat flux profile is assumed to be Gaussian in the calculation as they give fairly accurate averaged results [9, 10] . It may also be remarked that the heat flux profile is determined using a watercooled calorimeter, whose temperature remains below 400 K. However, an actual substrate to be processed using this jet is usually not water cooled and may have temperature far above this value. Heat flux received by such a substrate under similar condition may not be the same. Heat flux determined in the study is due to the torch alone. Processing applications like plasma spray, unavoidably use some powder-laden carrier gas which can influence the heat flux as well as the spatial extent of the jet. 
Determination of the profile parameters:
Radial distributions of heat flux of a plasma jet emanating from a DC plasma torch can be approximated as:
where, 0 φ is the maximum of the heat flux, R g is the width of the profile and n indicates the shape of the profile. n is '1' for exponential, '2' for Gaussian and so on. It was our choice to take n=2 in the present study as it has been widely accepted as presenting sufficiently accurate heat flux profile for plasma jets transmitted by DC arcs [9, 10] . When such a plasma jet impinges normally along the central axis of a concentric double calorimeter [figure 3.1], the power received by the inner (H 1 ) and the outer (H 2 ) calorimeter may be expressed as:
Where, 1 d and 2
d are the diameters of the inner and the outer calorimeter respectively.
The values of H 1 and H 2 are determined from the inlet and the outlet temperature of the cooling water using basic calorimetric principle:
Where, m 1 and m 2 are the water flow rates through the inner and the outer calorimeter respectively. S W is the specific heat of water. T 1 and T 2 are the respective outlet temperatures and T in is the inlet temperature for both the calorimeters.
For the chosen Gaussian profile, equation (3.1) 
where,
For a given operating condition, H 1 and H 2 are determined experimentally and the two unknowns ( 0 φ and R g ) of the profile (equation-3.1) are obtained by solving equation (3.6). Once the value of R g is determined, the other profile parameter 0 φ is estimated from (3.2). which the plasma torch is mounted vertically. Details of the other components used in the experimental setup have been discussed in chapter -2. The gas flow rate of argon was set at 30 slm and that of nitrogen was set at 17.5 slm.
Experimental Set-up
Results and discussion
The plasma torch is characterized through V-I characteristics, typical distribution of temperature inside the torch and the resulting arc voltages under different operating currents. The measured heat flux profiles with Argon and Nitrogen as plasma gas under different operating conditions followed by analysis of these heat flux profiles are presented for a clearer picture about the variation of profile parameters with electric power input and axial distance. The differences in the observed behaviour of the Nitrogen and the Argon plasma jets are brought out. Possible reasons for the observed differences are explained.
Torch characteristics
For the same power level, the plasma jets generated by the torch with Argon and Nitrogen as the plasma gas are found to be distinctly different. While the arcs in Argon are easily sustained at current below100 A, the same in Nitrogen could not be sustained below 100A due to requirement of higher power under the present electrode configuration. It may be observed from the V-I characteristics presented in Figure 3 An explicit dependence of the received heat flux on the electrical power input to the torch is depicted in Figure 3 .5. Apart from the measured distribution, it is observed that at a particular location the increase in the received heat flux with increase in the input electrical power is not uniform. Sometimes the power is increased but no appreciable increase is observed in the received heat flux. One very important but rarely discussed aspect of such devices is reflected in these results. The jet exiting from the torch has its origin inside the torch where an arc connects the cathode to the anode and heats the gas flowing in between forming the emanating plasma jet.
Depending on operating current, gas flow, electrode material, geometry of the torch and other environmental conditions, the extent of the arc in the configuration space and the magnitude of the associated electromagnetic body forces (through J X B force where, J is the current density and B is the magnetic field produced by the current) acting on various parts of the plasma are decided. Under certain operating conditions, an increase in the current to increase power may enhance the diameter of the plasma core inside the torch, decreasing the thickness of surrounding colder boundary layer.
Enhanced conductive and radiative heat transfer from the plasma to the wall may result in a poor rise in the transmitted heat flux in the associated cases. The same may affect the fluid dynamic pattern of the jet outside the torch. 
Variation of maximum heat flux (Φ 0 ) in Argon and Nitrogen plasma
For a detail analysis of the heat flux profiles in Argon plasma, we plot an explicit variation of Φ 0 as a function of axial distance and power input to the torch as shown in [ Figure 3 .8 (a)] that the rise in Φ 0 with power is nearly linear as one goes closer to the nozzle exit but shifts towards a quadratic dependence as one moves away.
The plot of Φ 0 as a function of axial distance is presented in Fig. 3.8 (b) . It shows that at lower power the jet actually looses little of its power as it propagates. However, at higher power the same loss becomes reasonably high. It is also observed that for a given power, the drop in Φ 0 with axial distance is quadratic at higher power and approaches nearly a linear behaviour at lower power. Higher plasma temperature at higher power leads to substantial power loss through radiative and conductive transport and may account for the observed features.
For Nitrogen, the behaviour of Φ 0 as a function of power and axial distance is presented in Figure 3 .9(a) and (b) respectively. Although the measurements are carried out at different axial distances and at higher powers, the observed behaviour is substantially different from that in Argon. For the same power and axial location, the heat flux value in Nitrogen is in general higher than that in Argon. The notable fact is that the behaviour is position dependent. While at an axial distance of 10cm, Φ 0 
Variation of width (R g ) of heat flux profile width for Argon and Nitrogen plasma
Extent of the plasma jet in physical space is characterized by the parameter R g . It is an important parameter as it actually determines the extent of the effective process zone.
Usually, the iso-temperature contours in a plasma jet take the shape of part of an ellipse [78] with tapering at top and bottom and expansion in the middle. Under this ideal configuration, as one move axially away from the nozzle exit, the value of R g first increases, then reaches a steady value near the middle of the ellipse and finally decreases again. If the jet length is huge, the nearly steady value of R g in the middle section continues for a fairly long distance along the axis [79] . Increase in input electrical power through increase in current induces two simultaneous competing phenomena inside the torch that actually control the ultimate value of R g . The first one tries to reduce the value of R g through radially inward pinching action by JXB body force. Higher the current, higher is the JXB pinching force and lesser is the value of R g . The second one acts in opposite to the first one and tries to increase the value of R g through J 2 /σ (σ is the electrical conductivity of the plasma) heating expansion. Higher the current, higher is the heating effect and higher is the value of R g . At relatively lower current, the pinching contraction exceeds the heating expansion and the value of R g keeps on decreasing as current (power) increases. This is what is seen at lower powers in Figure 3 .10 (a). However, as current keeps on increasing a time comes when finally heating effect supersedes the pinching effect and value of R g starts increasing with increase in power as seen in Fig 3. 10 (a) at higher power. Exiting from the nozzle, the Argon plasma jet expands as it propagates away from the nozzle exit and the value of R g exhibits almost a linear increase with increase in the axial distance as shown in Figure 3 .10 (b).
The variation of R g in Nitrogen plasma with axial distance and electrical input power exhibits distinctly different features compared to that in Argon [ Figure 3 .11]. The plot of R g as a function of power in Fig.3 .11 (a) shows that the effect of increase or decrease in power is most significant in the tail region of the jet. For the regions, closer to the nozzle exit, the value of R g maintains nearly a constant value irrespective of the operating power. However, as the jet propagates it expands and a higher value of R g is noted at longer distances [Fig.3.11 (b) ]. Because of lower axial velocity at lower power, the jet gets scope for higher radial expansion at shorter axial distances resulting in the observed significantly higher Rg values at lower power. However, as seen in Figure 3 .11 (b), at higher power the balance between the J X B compressive force and the thermal expansive force maintains a nearly uniform width of the plasma column over a long axial distance and a range of power levels.
A Comparison of the heat flux data with the reported studies:
A comparison of the results from the present work with those reported in literature is presented in this section. It may be pointed out that the comparison is only for Argon. For Nitrogen, any such comparison is not presented, because of inability to find any data on heat flux of Nitrogen jet in literature that may give any meaningful comparison. For Argon plasma the comparison is made with data that corresponds to a plasma torch of nozzle diameter 7 mm (instead of 10 mm in the present study) and a gas flow of 60 slm (instead of 30 slm in the present study) [9] . As a natural consequence, the study [9] had a longer and thinner plasma jet compared to the present one for the same power. Also, as the same power is being distributed over a smaller cross section, their value of Rg will be smaller and the same for Φ 0 will be higher compared to the corresponding cases in the present study. Nevertheless, the comparison will reflect consistency of the results obtained in the present study as well as give an idea about the influence of gas flow and nozzle diameters on the heat flux properties of plasma jets at comparable power levels. As the present study focuses on the higher power regime, the change in the behaviour as one goes to higher power also will be reflected.
It is observed that nearly similar trend of behaviour is exhibited by Φ o and R g as a function of axial distance in both the studies [ Figure 3 .12]. Both of them show decreasing tendency of Φ o and increasing tendency of Rg with increase in axial distance. At a given axial distance, Φ o and R g respectively increases and decreases with increase in electrical power. However, the rate of increase or decrease is slightly different due to different electrode configuration. For identical electrical power level, the realized value of Φ o in the present study is lower than the same in reference [9] and exactly the reverse is observed for R g . The behaviour is completely in agreement with the expectation as discussed above. The important point to be noted is that the present study is able to achieve nearly three times higher jet width (nine times higher jet cross-section) and more than three times higher peak heat flux compared to the earlier study [10] within the range of operating parameters considered. 
An Estimate of experimental error
The heat (H) received by the calorimeter is calculated as:
Where, F is the flow rates water measured from the flow meters (in litre per minute, LPM), ρ and S W are respectively density and specific heat of water, T 2 and T 1 are the outlet and inlet water temperatures. The maximum error in the measurement of heat received may therefore be calculated as:
The Formation of arc root under constricted connection at higher power and associated instabilities are also found to affect the delivered heat flux. The long thick nitrogen plasma jet of nearly uniform thickness observed at higher power may find important applications in variety of high temperature processing industries.
